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CONVERSION FACTORS, NON-ST TO SI (METRIC)
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EVALUATION OF IN-STRUCTURE SHOCK PREDICTION
TECHNIQUES FOR BURIED STRUCTURES

CHAPTER 1
INTRODUCTION

1.1 Background

The analysis of buried structures designed to resist blast lcading is a
continuing;problen'in the area of engineering mechanics. The complex gtruc-
tural dynanics.of the problem, coupled with the uncertainties of soil struc-
ture interaction, make this a most difficult challemge. Even if the structure
itself is designed to survive the expected dynamic loads, the shock environ-
ment inside may be severe enough to harm personnel or equipment. A thorough
understanding of the expected shock environment is therefore needed to design
' ways to reduce this damage. The present simplified methods for the analysis
of this type of pfoblen are only directly applicable to very simple structures
and are thought to yield very consarv;tive results for more complex struc- '
tures. As a result, large amounts of money are now being spent to mitigate
shock levels which may be unrealistically high. This program of study was
prompted by the hope that a relatively simple, fist, and accurate analysis
procedure could be found, whi;h will give realistic estimations of in-struc-

ture shock for complex buried reinforced cdncrete structures.

1.2 Objective '
The objective of this study was to conduct and evaluate in-structure
shock calculations for buried reinforced qonéruce siructures under dyﬁamic
loads from buried conventional explosives. Of primary 1npottince wvas the
" evaluar of two-dimensional (2-D) finite-element analysis techniques applied
to ;his N " three-dimensional problem. Two personal computer (PC) based,

2-D finite-e)ement progranms, were evaluated for application to this problenm.
1.3 Scope

'This sﬁudy included 'simplified semi-empirical, single-degree-of-freedom
(SDOF), and 2-D finite-element, in-structure shock analyses of buried rein-
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forced concrete structures. A literature search was corducted to obtain

available data to assist in the evaluation of these calculations.

The project began with an analysis of the existing data base of in-
strﬁcture shock tests. A recent series of foﬁr‘dynanic tests conducted by the
US Army Engineer Waterways Expefinent Station (WES), Structures Laboratory,
Structural Mechanics Division, were selected as having the best data currently
available {1]. In-structure shock calculations were performed to model these
tests, using current simplified techniques. Results were compared to the cest
data. Two (2-D) finite-element analysis programs were selected as possible
"in-structure shock calculation tools. These prograpg‘were also used to
conduct several analyses of the test series. These results were also conpafed
to the test data and to the simplified analysis results.

There were three simplified analysis techniques used in this study. The
first was the semi-empirical in-structure shock calculation procedures
outlined in the US Army TM5 855-1 [2]. This technique yields average in-
structure shock motions for the entire structure. An SDOF analysis of the
wall closest to the explosion using the US Aru} Engineer Wall Analysis Code
(WAC) [3] was the second simplified technique examined. In this analysis the
mass and the resistance of the wali was replaced by an equivalent SDbF systen
and the in-structure shock motions of the wall were calculated. The third
' simplified technique was an SDOF analysis, in which the mass of the entire
' structure was lumped together at a point and the soil ﬁehind'it replaced by a
simple spring. This rigid-body SDOF analysis gave the overall motions of the
structure as a whole. These SDOF'analera-wuta done on PC-based programs
developed at WES., , ' _

The 2-D finite-element analyses were accomplished using two PC-based

beam element finite-element analysis programs, STABLE end ISSV3. STABLE is an

implicit finite-element program for the dynamic analysis of frames subjected

~ to Slsst and ground shock loadings [4]. This program 1- in the public domain

and wag written by JAYCOR, Vicksburg, MS, for the US Army Engineer District,
Omaha. ISSV3 is a 2-D 1umped parameter model, explicit nonlinear, finite-

v élemen: code written by Applied Research Associates, Southex Division.
Vlckabufg. MS [5]). This program was written for WES in conjunction with this
project under the direction of the author, and is also in the public domain.
The process of modeling this problem necessitated the inclusion of ltruc:ﬁre-
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media interaction (SMI) for the development of loezds for the structural
analysis. The development of this SMI load was carefully evaltated. Data

analysis included the examination of soil pressure, deflection, velocity, and

acceleration data and the generation of shock spectra.

1.4 Introductory Concepts ,

| The shock environment inside of a dynamically loaded structure is a
complex phenomenon. The amplitude, shape, and duration of the acceleration,
velocity, and deflection-time histories greatly influence the response of
internal systems that mhy be damaged by

the shock environment. To simplify the

design and analysis of internal systems

against in-structure shock, a shock
spectrum is generated to characterize ' edass
the éhock environment inside the str- \M)

ucture. A shock spectrum is a plot of -

the maximum response of an SDOF system .
Spring? & Damper

(1 (©)

in which the base is driven by the in-

structure shock environment. . A3 can be

seen in Figure 1.1 the response of an
SDOF system is dependent on the natural 4 Bﬁse
frequency of the system determined by . - slction

the mass and spring stfffness, the damp- . :

ing ratio, and the motion driving the ~ Figure 1.1. Single-Degree-of-
systenm. Given the motion and damping ' vFreedqn.Systen.
paranéters the maximum responce is calculated by means 6£ tha-thanel.integtal
[6] for a range of natural frequencies, and slshock spectra generaced.. For
many shock spéctri the natural frequency of the SDOF system is on the abscis-
sa, wh11§ on the ordinace.the maximun résponse. such as peak specc;sl acceler-
ation, pseqdo-vélocity, or relative displdcenenc; ppears. -Penk spectral
acceleration and pseudo-velocity are terms tﬁnt closely approximate the actual
acceleration and vaibcity of the SDOF system while the relative displacement
is the actual value. Thus, fur a given internal system, such as a piece of

equfpnent, all that is needed to define its maximum response to a shock
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' these plots. There are three ordinates, one measuring the log of pseudo-

:'corner to the upper left corner, and the third, also at 45 degrees from the

-downward to the right.  Thc_e characteristics are often qsed to generate

- as Qcalcd by the cube root of the explosive weight. This scaling relates

"~ (metric) units is prescnted on page 14.

environment is the natural frequency of the piece of equipment. All the
shock spéctra generated in tﬁe analysis in this study assumed no lamping.

The shockyspeccra, which were generated in this study, are a little more
complex in that they are plotted on tripartite paper. There are simple direct
relationships between the maximum spectral acceleration, pseudo-velocity, and
relative displacement that allow these quantities to appear on the same plot.

The log of the natural frequency of the SDOF system appeafs'on the abscissa of

velocity on the left scale, the second the log of the relative displacement on

a scale at 45 degréesf from the vertical measuring from the lower right

vertical, measuring the log of the spectral acceleration from the lower left
corner to the upper right corﬁer. Numerous examples of shock spectra can be
found throughout this report. At times in the report spectral accelerat}on
and pseudo-velocity are referred to simply as acceleration and velqcity.' The
prefix is implied whenever shock séectra are being discussed. -

In discussing shock spectra, reference is sometimes made to the constant
deflection, velocity or acceleration portion of the plot. In the low freqﬁen-
cies, the shock spectra of most SDOF systems tend to follow the deflection
scale progressing at a 45 degree angle upward to thh right, in ﬁhe intermedi-
ate frequency region the curves tend te be horizontal with a constant veloci-
ty, while in higher frequencies the curve follows the acceleration scale

apptoxiiate shock spectra with straight lines for each portion of the graph.
Shock spectra are covered well in the references [6], [7), and [8] and these
are good references for anyone interested in exploring the subject to greater:
depth. , -

Before going into calculation of in-structure shock and hence shock
spectra,lthe important concept of Hopkinson or cube-root scaling shouid be '
introduced. Most parameters in the field of explosion effects ave presenced'

blast properties from an explosion of one energy level to that of an explosion

°A table of factors for coaverting non-SI unics of measurement to SI
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of a secc.d energy level. The energy is directly related to the weight of the

explosive. This method is widely covered in the literature [9]. The distance
from a bomb is scaled by dividing by the cube root of the explosive weight
(INT equivalent). Such a scaled distance is often referred to as Lambda. For
a given Lambda, a similar blast environment will result from different
explosive weishts. Pressures and velocities will be 1denticg1,‘and time and
impulse are scaled by the cube root of the explasive‘weight. Thus, when a
parar:ter iIs given in a scaled form, it can be aﬁplied to any explosive charge
size simply by mul<ziplying by the cube root of the charge weight. For this,
reason, most such parameters are given in the scaled form. The appliéation of"
cube-root scaling was used throughout this analysis in the development of
free-field loads.
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CHAPTER 2
RELATEDL TEST DATA

2.1 Literature Search

An extensive literature search was conducted to obtain available data to
assist in the evaluation of in-structure shock calculations. It was obvious
that much cf the data available on the subject of dynamic response of buried
concrete structurss were not directly applicable to this effort. Most of the
tests focused on plane wave type loadings and were also largely concerned with
structural response, not in-structure shock response. Also, most of the data
was in some way restricted from open puhlicétion. There was one notable
exception, a series of well-controlled tests were conducted tﬁat included in-
structure shock response of b.ried conérete struciures to conventional
explosive loadings which has been published in the open literature. This
exception was the CONWEB test series. '

2.2 CONWEB Test Series

The US Army Engineer Waterways Experiment Station conductﬁd the CONWEB
tests, a series of four backfill effects tests'during the period of March
through May 1989. The test procecures are covered extensively by Hayes [1] -
and [10]. The analyses contained in these two references were focused solely
on the effects of backfill variation and structure media inter=ction on the
structural response of a buried test wall. In the cqursé of this test series,
a large amount of struczural acceleration data was recorded. These data,
along with records of free-field ;ccoldruﬁion, free-field soil stress, and
interface stress, present a goldsn opportunity for the evaluation of in-
structure shock calculncioﬂ techniques. For this reason, this test series was
selected as the primary focus of the in-structure shock aualyses contained in
this féport.' The fqlloving.is a brief description of the CONWEB test series.

The four tests in the CONWEB test series were éoﬁducted to determine the
response of buried reinforced concrete walls to localized dynamic lcads in
various backfill materials (Table 2.1). The firsc two tests were conducted ia
a clay backfill with two diffctgn; :asé valis. the second test having a
stiffer test wall than the firsc. This clay vas characterized by a low shear
strength and ; low seismic velocity. The third test was conducted with a

20




vcylindrical explosive charge. This E———

"plosives in a closed steel case 27 inch- ’ ' (psi)
es long with an inside dismeter of 3.548 CONWEB 1 6095 67424
inches and a thickness of 0.166 inch. Test Wall
The charge was oriented vertically in . CONWEB 2 6398 . | 67424

~ CONWEB 1; 3, and 4, and horizontally ih ' 'Tess Vall i
CONVEB'Z.‘ . . . gg::gg Z | 5855 67424

The test article consisted of a Test Walls
reusable reaction structure supporting Reaction | 6392 67424
the test wall. The test wall was bolted Structure

Table 2.1. CONWEB Backfill Soil Properties.

-

Test Unit = : Seismic Attenuation

Weight : Velocity Coefficient

(v) : | (e) (n or x)

1b/fe? - | ft/sec
CONWEB 1 122.5 1100 2.125 l
CONWEB 2 123.7 1100 2.125 I
CONWEB 3 116.4 | -2000 | 3.00C |
CONWEE 4 120 2000 1.500 I

e e g s v—— X

flexible wall in a sand backfill with a high shear strengthAand low seismic
velocity. The fourth test was conducted with a flexible wall in a clay
backfill vith low shear strength and a high seismic velocity. Figure 2.1
through Figure 2.4 show the test structure, backfill properties, and the
prcperties of the surrounding in-situ soii for each of the four tests.
Table 2.1 shows the backfill properties which were used for all the analyses
in this investigation

The source of the localized uynan Table 2.2. CONWEB Structural

ic loads in each of these tests was a Material Properties.

Test 34 Steel

h d 15, : ex-
charge contzined 15.4 pounds of C4 ex Component (psi) Yieid

to the heavily rcinforced concrete reac-
tion structure, forning a relacively -

rigid joint. Dimensions and gage layout of the reaction structure are shown

n2l




in Figure 2.5. Test walls for CONWEB 1, 3, and 4 had a length-to-thickness
'(L/t) ratio of 1C while the L/t ratio of the wall in CONWEB 2 was 5. The
designs of the test walls are shown ip Figure 2.6 and Figure 2.7, and the test
wall gage layout is shown in Figure 2.8. Material properﬁies are presented in

Table 2.2,
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CHAPTER 3
SIMPLIFIED ANALYSIS TECHNIQUES

3.1 TM5 855-1 In-Structure Shock Procedure y

A current method for the calculation of in-structure shock is the semi-
empirical procedure in the Army Technical Manual (TM) 5 855-1 [2]. The
procedure begiﬁ; with the calculation of the average free-field accelerations,
velocities, and deflections. Correc;ioﬁ factors are then applied to convert
these free-field values to in-structure shock values. The following ig a
brief explaﬁation of the method. Later, the procedure will be applied te the
CONWEB test series. ‘

The most important baranecers controlling the free-field motion are: the
source of the ground shock, the mechanical properties of the free-field, and
the range (distance) to the point of interest. The source of the ground shock
is determined by the size and depth of burial of the bomb.

There are many types of explosives used in bombs, each having very
different characteristics. In order to simplify analysis, the weight of
explosive is converted to an equivaleﬁt TNT weight using equivalency factors.
Unfortunately, these convefsion factors were originally generated for free air
~ (above grouﬁd) explosion;land in low pressure ranges. Applicatian of these
factors to belowground explosions is therefore open to criticism. This is,
however, common practice and is the best available approach.

After conversion to an equivalent TNT charge weight, tﬁe affect of depth
of burial must also be taken into account. It is obvious that a bomb, which
is barely penetracting into the soil, will not be as effective in transmitting
energy into ground shock as would a bomb that is fully buried. A ground shock
ébupling factor is used to account for this phenomenon. This single factor is
applied to all ground'shock parameters and is simpl} the ratio of the shallow-
er buried bomb's ﬁarameters to that of a fully buried boud, as shown in °
" .Equation (1).' The shock parameters iﬁ question are: pressure (f), velocity
(V), deflection (d), impulse (I), and acreleration (a). o

f=lP V. d, I, &) near surface - ' (1)
(P,V,d, I,a) contained
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The propagation of shock through soil is a complex problem, dependent on
a largs number of variables. At the present time, the TM5 855-1 procedure for
the calculation of free-field motions contains only two explicit variables for
the characterization of the soil. These variables are the seismic velocity

(¢) and the attenuation coefficient (n). Seismic velocity, c, is used as an
index of soil properties for ground shock prediction, providing an indication
of the soil stiffness (M) and mass denéity (p), as shown in Equation {2). The

% ,

value of ¢ is also strongly dppendenﬁ on the degree of saturation of a
cohesive soil. In general, the higher the value of ¢, the better the soil is
at transmitting shock. The reverse is. true for the attenuation coefficient,
n.”which.is a measure of the energy used in the irreversible crushing of the
soil voids. A high value of n indicates a soil that will quickly attenuate a
shock with distance. The characterization of a soil with only two parameters
is an extreme simplification and should be used with great caution.

3 _ .
aw3esore(-R) Y : (3)
NT
V-16Df('i%)-. . . o V (4)
| Ad : .
d £, R ,(-a20) ' . L
.._1.-500-5(—%) ) (5)
w3 v

‘The final parameter uicd'in the TM5 855-1 procedure for the calculation
of free-field motion is the taﬁge (R) or distance of the bomb from the point
of interest. As would be ?xpected; ground shock and free-field motions
decrease with increasing range. The freo-ficld-peak acceleration (a) in g's,
peak particle velocity (V) in ft/sec, and peak displncénéﬁt (d) in feer can
now be éalculated using Equations (3), (4) and (5). The weapon yleld (W) is
in pounds TNT equivalent,. coupling factor (f) and attenuation coefficient (n)
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as defined above, seismic velc‘city (¢) in ft/sec, and range (R) in feet. Note

‘that Hopkinson'’s, cube-root scaling was used extensively in the development of

these equations.

NN/ 7/ INNINNINNINNINN/ 7

SRR AR RRARRKRARRANANANA

Cvrge

V. ins

O

Figure 3.1. Average Free-Field Motion Configuration for Side Burst
Load Case.

This brings us now to the actual calculation of in-structure sh&ck.
Figure 3.1 shows the general configuration of the side burst loading of a
rectangular structure. The two ranges, R, and R;, are the distance in feet -
from the front and the back of the structure, respectively. These two ranges,
along with the parameters discussed above, are all that is required for the
c#lculaiion of the average acceler;tion across the structure. Equations (6),
(7), and (8) are used to calculate the ;verage acceleration, velocity, and
deflection across the structure. These equations were developed by 1ntegratF
ing the acceleration-range relationship in Equation (3) across. the structure
andvfinding a uniform acceleration that yields the same integral Apross‘chis
range. ' '

(med

“nv"%' sotcw"rl (R,"®-R,™ g (6)
‘ n(R,~R,) :
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v = 1602w S (R,~™1-R,™™1) o N
ki (n-1) (R,-R,) ‘
=1
Ouvy . soot‘w""" (R, "™3-R,">2) : o - (8
'.3 c(n-2) (R,-R,)

Given the average free-field motions calculated above, the next step is
to modify these values, applying empirical factors to produce an approximation
of in-structure shock motions. A reduction factor (RF) is calculated based on
the geometry of the structur;; vall height or width, structure length, and
range. A nomograph is used to find this empirical relationship. This
reduction factor is applied to accelerations and velocities. These values are
taken as an approiilation of the accelerations, velocities, and deflections,
which would be measured inside the structure during an event under these
conditions. '

The final step in the TM5-855-1 in-structure shock analysis procedure is
the generation of a shock spectrum. As discussed above, a sﬁock spectrun is a
very usefui tool for the analysis of the dynamic response of equipment and
other subsystems inside a structure. Ceneration of shock spectrum is simply a
matter of multiplying the above in-structure motions by empirical amplifica-
tion factors. These factors are 1.2; 1.5, and 1.6 for d;zﬁiaccucnc. velocity,
and accelerations, respectively. Response values are plotted on the tripar-
tite shock spectrum curves as the maximum relative displacement, maximum ,
bseudoyelocity, and maximum acceleration. These shock spectra can be diregtly
compared to information on the response of equipment inside the sttuctdfe.
Eqﬁipnent response is often presenteﬁ as a shock spectrum which gives recom-
mended limits on eﬁuipuent motion. Overlaying the structural shock spectrun
on these equ#pnhnc fragility curves allows an estimate of expectad damaye and

the need for shock isolation.

3.2 TMS5 855-1 CONWEB Calculations ,

Table 3.1 shows the values used for the calculation of average free- '
field motions for CONWEB tests 1, 2, 3, and 4. . These values were input into
Equations (6), (7), and (8). Table 1.2 shows the average,in-sﬁructdta motjons
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Table 3.1. CONWEB TM5 855-1 Free-Field Response Parameters.

Tr st W f n c R, R, RF
1lbs, ft/sec fr ft

CONWEB 1 19.71 1.0 2,125 1100 5.0 9.717 .48

CONWEB 2 19.71 1.0 2.25 1000 5.0 '9.717 .48

CONWEB 3 19,17, 1.0 3.0 1000 5.0 9.717 .48

CONWEB 4 19.71 1.0 1.5 '} 3000 5.0 9.717 .48
J“m”“_“

and spectral values for each test. The shock spectrum values are shown
plotted againét shock spectra'generateq from test data in Figure 3f2,
Figure 3.3, Figure 3.4, and Figure 3.5.

- The TM5 855-1 procedure yielded very good results for CONWEB 1 gnd 2 and

Table 3.2. CONWEB TM5 855-1 Average In-Structure Response and Spectral

Values.
Test A \Y D 1.6A 1.5v 1.2p
g in./sec in. g in./sec in.
CONWEB 1 539 114 4.98 862 170.0 5.98
CONWEB 2 439 1 110 1.80 ] 702 166 2.16
CONWEB 3 614 110 1.29 983 166 1.54
CONWEB 4 2549 219 3.32 4078 328 3.98 |

gave a conserﬁncive estimate of response for CONWEB 3. The relacivcly good
results of these calculations are not surprising, as the procedure vas
developed from tests on sinple box structures similar to the CONWEB test
articles. Figure 3.5 shows that CONWEB 4 was underpredicted accotding to gage
ASH10 and overpredicted for 'gage ASH1l. If gage ASH10 is correct and CONWFB 4
was undetﬁredtcted, this could deconstrate a problem often seen in dynamic
structural analysis, the problem of c‘lculat;ng the response 'of structures in

high seisamic velocity clay. However, another explanation could be the
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variability in the testing itself. CONWEB 4 was an in-situ test in which the
soil was excavated and the structure was placed in the excavation. Difficulty

was encountered in assuring a proper placement of backfill around the struc-

ture to fill the gap batween the structure and the in-situ soil. There was

~also uncertainty in the level of the ground water table in this test. Both of

these variables could drastically affect the response of the structure.
Improper backfill would allow unrestrained motion of the structure, and the
presence of water could greatly increase the dynamic load. Gage failure may
be a better explanation of the apparent urderprediction. If gage ASH1l is ‘
correct, the TM5 B855-1 gave a conservative estimate of horizontal in-structure
shock. '

The semi-empirical calculational procedure in TM5 855-1 has now been
demonstrated to be capable of giving a reasonable estimate of the in-structure
shock responﬁe of the fi1st three CONWEB tests. Inconsistences in the CONWEB
4 test results made it difficult to evaluate the analysis results for this
test. The test was underpredicted when compared to one gage, while the
aralysis gave reasonable results vhen compared to another gage at zlmost the
same location. This test may have been overloaded and/or underrestrained due
to testing problems or to have had gage'probléus.

The greatest \Iieakncss of this procedure is that it is an empirical
method developed for simple box-like structures. The assumptions that must be
made tc apply this procedure to more complicated structures have not been
thoroughly evaluated. Great caution should be used in the application of such
an empirizally derived method to situations outside of those actually tested.
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3.3 SDOs Analyses

The single-degree-of-freedom (SDOF) analysis is the second simplified

method examined for in-structure shock calculations. This method consists of

the reduction of the problem to a éimple spring, mass, and damper system.
Application of this ﬁype of analysis is widely covered in thc literature [1l],
[7). In an SDdF model, the spring is a resistance element which models the
static resistance'df the structural element of interest. The mass and damper

ace selected so that the resulting system will have the same frequency and

- damping characteristics as the prototype structure.

The SDOF analysis procedure was used to modei the CONWEB tests in two
ways, the wall facing the bomb was analyied as one SDOF system, and the
hﬁrizontal rigid-body motion of the entire structure was modeled in a second
decoupled SDOF analysis. Output frcm the wall analysis was compared to data

from gages on the wall, while the rigid-body analysis results were compared to

data from internal gages on the floor. This ignores the contribution of the
rigid-body motion to the response of the wall. Since che peak wall response
occurs well before the peak rigid-body response, neglecting of the rigid-body
contribution is thought to be a reasonable assumption.

3.3.1 Front Wall SDOF Analysis
The fron; wall SDOF analysis was carried out usiag the Corps of Engi-
neers PC-based Wall Analysis Code (WAC) [3]. WAC uses the procedures in TMS

855-1 to develop the load mass factors for a given wall. Multilinear resis-

tance functions are computed based on yield-line theory. The resistance
functions for the test walls in the CONWEB tests are shown in Figure 3.6.
Note that the calculated resistance functions were the same for CONWEB 1, 3,

and 4, as the wall designs were the same for these tests, and the same

‘material properties were used.

The wall loading used, was a modification of the free-field stresses
calculated by the procédures in TMS 855-1 [2]. .The soil properties used are
shown in Table 2.1 (iﬁ chapter I1 of this report). Free-field stresses were
modified by applying a reflected pressure fac:of of 1.5 to the beginning of
the pressure-time history. This models the buildup of reflected pressure on
the structure before a tensile relief wave can arrive from the edge of the
structure, or before wall movement can relieve the stress. According to TM5
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855-1 the duration of this reflected pressure for tliese tests should be taken
as six wave transit times through the thickness of the wall, 0.2 msec in
CONWEB 1, and 0.4 msec in CONWEB 2, 3, and 4. Applying this reflected

pressure-time history over the entire surface of the test wall is overly

conservative, due to the nonuniform nature of conventionalle;plosive loadings.
The entire pressure-time history was reduced by applying‘a uniform load factor
of 0.71 as per TM5 855-1, calculated based on the aspect ratio of the wall and
the weapon range. The final pressure-time histories used in the analysis are
shown in Figure 3.7 through Figure 3.10.

Peak deflections, velocities, and accelerations resulting from the wall

Table 3.3. Peak Response Output from SDOF Wall Analysis.

Test ‘Deflect;io;xJI Velocity Acceleration
- (in.) (in./sec) (g)

CONWEB 1 60 3050 2095

CONWEB 2 7.1 828 874.0

CONWEB 3 0.68 187 443.2

CONWEB 4 . 25 2310 3391

SDOF analysis are shown in Table 3.3. As in the TM5 855-1 analysis above, a
factor of 1.2, 1.5, and 1.6 was applied to the.peak deflection, velocity, and
acceleration respectively to create shock spectrum values. The shock
speétra generated are shown in Figure 3.11 through Figure 3.14. . The SDOF
procedure overpredicted the peak deflection and velocity portions of the shock
s#ectra and corrgcﬁly predictéd the acceleration portion for CONWEB 1. CONWEB
2 results show a very reasonable éomparison to test data, while the CONWEB 3
analysis shows an underprediction of the spectral values. CONWEB 4 was
reasonably well predicted for all three parts.of the spectrum.

The results of the wall SDOF analysis are relatively inconsistent and
reflect a problem often encountered in this type of work; that is, the

61f£icu1cy of develdping reascinable loads to apply to the SDOF model. In work

by Hayes [1], in which a similar SDOF structural analysis of the CONWEB test
38




walls gave similar anomalous.results, a major conclusion was that seismic
velocity alone is not sufficient to characterize a given backfill material.
The loads generated by the TM5 855-1 procedures, which were used here, are

very dependent on seismic velocity. Also, it is thought that the TM5 855-1

procedures do not adequately model scructuxe-medla interaction; that is, the
reflection of the load at the soil-structure interface and the relative
movement of the soil and the structure. There is current research at WES to

address these deficienqies.
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3.3.2 Rigid-Body SDOF Analysis

A simple approximation of the horizontal shock environnent on the floor
of a structure is the overall rigid-body motion of the entire structure.
Rigid-body motion was analyzed by reducing the problem to an SDOF system, with
the total mass of the structuce concentrated to a single point, and with the
soil behind the structure acting'as a simple linear spring. The load used was
the same as that calculated for the wall SDOF above. Shock spectra were
generated from the resulting motion histories and coupared.to chose from
internal acceleration gages located on the structure’s floor. It shguld be
noted that this SDOF model only gives meaningful results up to the initial
peak positive deflection. The procedure does not nodellthe complex interac-
tions which take place at later times as the structure rebounds. However, the
highest deflections, velocities, and accelerations almost always'take place
before this happens and this limitation does not hamper the generation of
shock spectra. ' ' ‘

The soil-spring constant was calculated using a procedure presented by
Whitman and Richart [11) for dynamically loaded foundations. Equation (9) was
used to compute the soil-spring constant for elastic resbonse of the soil at.

the back of the structure, where G is the soil’s shear modulus (psi); B, a
k=S 5 JBL : . (9
I‘P

dinensionless aspect ratio coefficient; p the Poisson’'s ratio for the soil;
and B and L the height and width of the structure respectively (inches) The
shear modulus G, was calculated from the soil density (p) and shear wave
vei&city, Vs using Equation (10). The shear wave velocity was calculated
using'Equacion (11) from tﬁe conbressive seismic velocity. Table 3;4 shows
the vqlheé used for this calculation and the resulting soil-spriﬁg constant;

the total mass of the structure is also shown. The Poisson’'s Ratios used were

- pv? o (10)

24 pa ll-2p) 11
Ve V"zu-u) - (an

chosen based on soil tests conducted in conjunction with the CONWEB test
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scties'[lj. These values are relatively high but are within the range of
those suggested by Bowels [12]. Frictional forces that exist at the top and
bottom of the structure are neglected in this analysis. A relatively low
danping value of one percent of critical_was included for stability and does
not affect the first peak response. ‘
Given the above mass, soil-spring constant, danping coefficient, and the
load calculated earlier, the rigid-body SDOF analysis was completed using a
computerized version of the procedures developed by Biggs [7]. Velocity-time
histories up to the time of maximum positive deflection were input into the
same shock-spectra generation program used for the test data. Comparisons of
these SDOF spectr# with zpectra generated fion test data are shown in
Figure 3.15 through Figure 3.18. As c;n be seen in these figures, the rigid-
body SDOF analysis gave reasonable predictions of peak deflections and '
accelerations for CONWEB 1, 2, and 3. Peak velocities were overpredicted for
these sam: tests. The same trendQ can be detected in the CONWEB 4 predictions
in comparison with gage ASH1l. In comparison to ASH10 the CONWEB 4 predic-
tions were low for deflection and acceleration and reasonable for velocity,

Table 3.4. Rigid-Body SDOF, Soil-Spring Parameters.

Test " v, le B, k M

ft/sec | psi ' 1b/in. 1b-sec?/in.
"CONWEB 1 .45 332 2906 | 2.22 1.269x1Q‘ 73.21
CONWEB 2 .45 332 2935, 2.22 | 1.281x1G* | 84.48
CONWEB 3 ‘.33 504 ‘6370 2.22 2.283x10¢ 73.21
CONWEB 4 .45 904 21176 | 2.22 9.245%10¢ 73.21

indicating that the 090;111 responss iﬁ this test was underpradicted.  Under-
prediction of CONWEB 4 in comparison with gage ASH1O has occurred in each of
the analysis procedures used so far, pathabs lending more credence to the
possibility of testing or gage problems as discussed above. |

The consistent ovetbfedictioﬁ of pe;k spectral velocity in the rigid-
bbdy SDOF analysis is more difficult to explain. Posltﬁlo'ov-tlouding of the
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structure due to probieps in modeling structure media intetactioh. as dis-
cussed above, has more effect on the total impulse imparted inte structure
than it does on the peak pressure experienced at the front wall. The peak
acceleration of an SDOF model is very dependent on peak pressure, while the
peak velocity is more dependent on the impulse. Thus, overloading the
structure with impulse leads to overprediction of velocity. This should also
lead to an overpredictioniof deflection. The fact that deflection predictions
are reasonable, indicﬁtes a ¢onpensating overreatraint of the model, perhaps
because the Poisson’'s Ratios assumed in the analysis were on the high end of
expected values. Taken together, all this illustrates the difficulty of
analyzing the cogpléx'response of a buried structure using a simple SDOF
model. It should be noted, however, that the velocity predictions were

conservative.
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CHAPTER 4
IMPLICIT FINITE-ELEMENT ANALYSIS TECHNIQUE

4.1 STABLE Program

STABLE is an implicit finite-element program for the dynamic analysis of
frames subjeCCed to blast and ground shock loadihgs This program is in the
public domain and was Hritten by JAYCOR, Vicksburg, MS, for the US Army
Engineer District, Omaha. STABLE was in existence at the beginning of this
project ard, as a validated program, was selected as a candidate fcr incorpo-
ration into an in-structure shock design tool. This program was not specifi-
cally designed for in-structure shock calculations, and the folloving is an
evaluation of the application of STABLE to this class of problems.

4.2 STABLE Program Formulation

' Extensive documentation of the formulation and validation of the
computer code, STABLE, has been provided by Bryant, Campbell, Smith, and
Flathau (4], [13], and [14]. The follewing is a brief overview of the
formulation of STABLE as it applies to the evaluation of the program as an in-
structure shock tool.

The general formulation of STABLE is an implicit finite-element nnalysis
program. Implicit foruulation refers to the solution method used to solve the
equations of motion as the problem proceeds through time. In this case the
Newnark 1n:égration scheme which is widely covered in the literature [16] was

. used. As such, the implicit solution of the structural equations is uncondi-

tionally stable; that is, the choice of a large time step will not cause the

" solution to go unstable. This large time step is the main advantage of such a

formulation. However, with each time step thg‘:olution of the equations of
motion requires a relafively large amount of cnlculational effort and, <hence.‘
computer time. An alternative fotnulation of a finite-element analysis -
program is an explicit type, in which the time step must be small to assure
stability but the computational effort is snaller at each step. The program,
I1SSV3, which will be examined later, is of an oxplicit formulation.

A The elements available in STABLE are one-dimensional, prismatic, bean

elerents of constant cross section, moment of inertia, and plastic moment

capacicy, The material model available in STABLE {s a general bilinenr.
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elasto-plastic material. A steel shape table allows direct input of stan@a:d
steel shape properties. Reinforced concrete is modeled by use of an equiva-
lent steel section, inputting equivalent areas, moment of ircrtia, and pidstic
moment capacity. A reinforred concrete material model, which appears in the
STABLE manual, has implementation problems that did not allow its use.

Dynamic loading models used in this analysis included direct input
pressure-time histories and loads developed through structure media interac-
tion (SMI). Pressure-time histories that were input were simplified waveforms
taken from the interfaze pressure gage data at the front wall of the struc-
ture. Restraint of the horizontal motion of the structure was provided by; '
frictional forces modeled by Coulomb dampers at the top and bottom of the
structure, and SMI loads at the back ox the structure. SMI was also modeled
at the top and bottom of the structure for vertical reactions. STABLE
calculates SMI loads using a simplified approach as shown in Equacions.(IZ)
and (13). '

%y = PCVig t PO (Vigy-Vy) 0,20
o, ® SMI normal stress.
p » Soil mass density. ' (12)
¢, ® Free-field compression wave speed.
Vieen ® Normal free-field soil velocity.
Vo ® Normal structure velocity.

T = PpCViepr t 9C,(Viege=Vy,)
|t] £ c+o tand -
't u SMI shear stress. o (13)
p = Soil mass density. . .
C, ® Free-fieid shear wave speed,
Veee ® Tangential free-field soil velocity.

V,. = Tangential structure velocity.

¢ = Soil friction angle.
Normal and shear stresses resulting froml the ‘SMI nodeliare a combination of
the free-field stresses‘and the stresses due to the relative movement of the
free-field ana the structure. In this inalysis. no free~fi'e1’d,stress'es wvere
‘ applied at the nbdes where SMI was being calculated. F‘I'hus. only the relative
motion stresses were in existence at these points. The application of actual
"interface loads at the front face already includes all SMI effects in the

data.
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4.3 STABLE CONWEB Analysis ' |
The evaluation of STABLE as an in-structure shock analysis technique

| focused on the analysis of the CONWEB 2 test. It was planned that if this

evaluation was favorzble, the other CONWEB tests would be analyzed. As will
be discussed below, the results of CONWEB 2 analysis led to the rejection of

'this program as an in-structure shock analysis tool, and no further analyses

were conducted. The analyses, which were conducted on the CCNWEB 2 test,
included a coarse grid analysis, a fine grid analysis, and a fine grid .
analysis with soil springs replacing the SMI at the back of the structure.

' The following is a discussion of the results of each of these analyses:

4.3.1 CONWEB 2 Coarse Grid Analysis

‘ For this analysis. a relatively coarse two-dimensional finite-element
grid was generated to model CONWEB 2 (Figure 4.1). The model consists of a 1-
foot-thick slice taken through the cencérline of the structure. All major

reinforcement in the structure are in this plane, and the effects of all out-

' of-plane reinforcement was neglected.

Equivalent steel sections were used to model the concrete cross sec-
tions. Equation (14) was used to find the equivalent area and is taken from
TM5-1300 [1€]. .

A=A+ (E,/E-1)A,

\A ®= Equivalent Area (inchesg?) .
E, = Steel Youngs Modulus (psi) (14)

E_. = Concrete Youngs Modulus (psi)
A, s Steel Area (inches?) - ‘ '
A, ® Gross Concrete Area (inches?)

Equation (15) was used to find the thrust capacity and' came from the same

'source [16].

P, = 0.85£d" (A;A,) A, fd,

P, = Compreasive Capacity (psi) . ,

fd'_, = Dynamic Concrete Strength (psi) , . as)
fd, = Dynamic Steel Yield Strength (psi) ’

A, s Gross Area (inches?) .

A, » Steel Area (inches®)

Equiv;zlent moment ‘capacity is given by Equation (16) also from TM5 1300 {16].
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M, = (A,-A',) £d, (d-a/2) +A’ fd,(d-d')
a= (A -A )fd,/(o 85brd,)

M, s Moment Capacity (in.-1b) '

fd » Dynamic Steel Yield Strength (psi) (16)
fd » Dynamic Concrete Strength (psi)

b = Section Width (inches)

A', = Tensile Steel Area (inches?)

A, ‘s Compressive Steel Area (inches?®)

Equation (17), Biggs [7], gives the equivalent moment of inertia.

I= 2—"’-(5 5p+0.083)

I = Moment of Inertia (.incbas‘) , an
b = Section Width (inches) ' :
d s Depth to Tengsion Steel (inches)

' X p = Reinforcement Ratio

The resulting equivalent section propertie_s are shown in Table 4.1.

Table 4.1. Section Properties, CONWEB 2 STABLE Analysis.

Section Compressive | Moment Moment of Equivalent

Capacity Capacity Inertia Area

1b in.-1b inches* inches?
Front 677358 224515 303 109.2
Wall
Reaction | 844401 603711 870 144
Structure

. The results of the coarse grid analysis sre presented in Figure 4.2 '
through Figure 4.9. Figure 4.2 shows a' comparison of the horizontal accelera-
tion record produced by STABLE at node 10, compared to the test data at that
-same location. The inicial peak values of acceleration compare reasdnably
well. Howéver, a late-time, high-frequency oscillation occurs in the STABLE
oucpuc,»whiéh is not seen in the test data. This oséilla:ion or noise in the
acceleration output is disturbing, but not fatal, in an in-structure shock
analysis. The integration of the acceleration record to yield the velocity
fecord (Figure 4.3) smooths out much_of this noise, giving a velocity record

which compares favorably with the test data. It should be noted that the test
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data velocity record does not return to zero as is physically required. Thus,
only the initial velocity records can be compared. In the integration of the
velocity data to give the deflection record (Figure 4.4), all evidence of

. high-frequency oscillation has been smoothed out. However, it can also be
seen in this figure that the test data deflection does not reach a constant
‘value before the end of the data record. Thus, any comparisons between
calcuiated total deflection and measured total deflection are suspect.

This probleh in late-time deflection measurement is unfortunate, but it
illustrates a very common prcblem in the measurement of in-structure shock
with accelerometers. The range of an accelerometer must be set high,gnough to
- capture the high initial accelerations and as a result lacks the sensitivity
to record late-time accelerations. These late-time accelerations are what '
account for the overall rigid-body moiion of the structure, and hence total
deflection. . v '

. Given the problem of high-frequency noise 1h the calculated acceleration
record and lack of sensitivity to measure late time accelerations and hence
total deflections in the test data, it is difficult to make meaningful
compatisohs between the calculated and measured motion-time hisCOries:
However, the generation of a shock spectrum (Figure 4.5) is driven by the
velocity time history, which has the fewest provlems in both cases. Calcu-
lated spectral acceleration and velocity compare quite well, while deflection
comparisons must be made with_éare due to the above-mentioned problems in the
test data. ‘ y o

Calculated vertical acceleration (Figure a.s) at the mid-floor does not ‘
show much high ftequéncy noise and compares favorably with the test data.
Vertic#l velocity (Figure 4.7) and initial deflection (Figure aﬁa) show fair
comparisons. The vertical shock spectra (Figure 4.9) show favorable compari-

. sons for peak accelerations and velocities and a reasonable value for deflec-

tion.
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4.3.2 CONWEB 2 Fine Grid Analysis
The problem of high frequency noise in the calculated acceleration

record was thought to indicate a problem in the modeling of this structure
using a coarse grid. A finer grid analysis was therefore conducted.

Figure 4.10 shows the finer grid used in this analysis. All other parameters
remained the same as the coarse grid analysis.

Results of a 10-msec calculation of the response of the CONWEB 2
structure using the fine grid are shown in figure 4.11 to Figure 4.16. More,
not less, high frequency noige is evident in both the horizontal and vertical
acceleration records. Making the grid finer did not correct this problem, and
another explanation must be found for this phenomenon. Again, the velocity |
and deflection records showed less noise, and in fact, showed a good correla-
tion to the test data. |

In the calculation of this fine grid analysis, another problem with
STABLE was observed. This relatively simple problem required 16 hours of run
time on a 20-MHz, 385 personal conpdter. The ultimate aim of this research
project is the qualification of an in-structure shock_anﬁlysis tool, which
will operate on just such a machine. Run times such as this are orders of

magnitude too large fotlchis application.
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4.3.3 Soil-Spring Fine Grid Analysis

In a final attempt to determine the cause of excessive noise in the:
calculated acceleration records, the 'fine grid STABLE calculation of CONWEB 2
was repeated. In this analysis, the SMI at the back face of the structure was
replaced by equivalent. soil springs. It was hypothesized that problems in the
calculation of the relative motion of the structure and the soil on a non-
loaded interface could cause fictitious loads to be generated. These false
loads could account for high frequency noise in the acceleraticn record.

The soil-spring properties included in this calcuiacioh were generated
by assuming an elastic soil response. A typical soil modulus of elasticity of
1,000 psi was assumed based on recommendations by Bowles [12}. Soil-spring
'stiffness was calculatea based on an effective depth éf elastic response of 18
inches at the back of the structure. This is a very crude model of the
complex SMI at the back of the structure, but should be sufficient to examine
the problem of SMI-induced instability. _

Results of a 20-msec caléulacion of the response of the CONWEB 2
- structure using the fine grid are shown in Figure 4.17 through Figure 4.22.
High frequency noise is evident in both the horizontal and vertic' accelera-
tion records. There was less noise than in the fine grid analysis, but more
noise than in the coarse grid analysis. Removing the SMI from the model did
~ not correct this problem. This implies that the phenomenon is related to some
other probien in the analysis. Again, che velocity and deflection records ’

showed less noise and, in fact, showed a very good correlation to the test

data.
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4.4 STABLE Analysis Summary
The evaluation of STABLE as an in-structure shock analysis tecinique

leads to the rejection of this program from further comsiderstion. This
rejection is not based on the problem of high frequency noise in the accelera-
tion records that plagued this analysis. Favorable comparisons of the
calculations results to CONWEB 2 test data indicate that the progran is '
capable of handling this tjpe of application. Modification of thg ﬁrogram to
eliminate the problem of high frequency noise in the acceleration records is
quite possible. The basis for the rejection of the application of STABLE to
in-structure analysis is excessive run times on the target coﬁputgr. The fine
grid analysis required approximately 16 hours to complete on a 20 MHz, 386
personal computer. 4
Excessive run times for STABLE are directly related to its formulation
as an implicit finite-element analysis program. As discussed, above the
implicit formulation refers to the solution method used to solve che equations
of motion as chevproblem.proceeds through time. Using a large time step is
the main advantage of such a formulation; however, with each time step, the
sclution of the equations of motidn requires a relatively large amount of
calculational effort and, hence, computer time. Unfortunately, the applica-
tion of STABLE to in-structure shock analysis reduires a snali time step and a‘
large number of iterations to capture the high frequency response of the
'structure and to keep the SMI calculation froa going unstable. As a result,
you have a combination of the yqrgt of both worlds; that is, the requiremént
for many short time steps that requiie a large amount of couwputer time for
each calculation. Modifications are possible that could increase ths computa-
~tional efficiency of STABLE, but it is felt that such modifications could not

. overcome such a fundamental limitation.
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CHAPTER 5
EXPLICIT FINITE-ELEMENT TECHNIQUE

5.1 1ISSV3 Program
With the rejection of STABLE, a new candidate program was selected for

development as an in-structure shock analysis tool. This program, ISSV3, is
an exblicit-cype finite-element analysis program in which the time step must
be small to assure stability, but the computational effort is smaller at each
step or iteration. As will be seen below, the result is a program with
orders-of-magnitude shorter run times.

"1SSV3 was developed by Robert E. Walker, James L. Drake, William L.
Boyt, and Thomas R. Slawson of Applied Research Associates, Inc., Southern
Division. The work was conducted under WES contract DACA39-90-0041 for br. J.
| P. Balsara arnd under supervision of the author of this report, Mr. Richard
Dove. Included in this work was a report written by Walker, Drake, Boyt, and
Slawson [5]. Thg following brief discussion of thé formulation of ISSV3 draws
extensively from information in this report but will focus on the application
of the program to in-struéture shock analysis of underground structures.

After this discussion, ISSV3 will be applied to in-structure shock analysis of
the CONWEB test series, and the results will be :valuated against test data

and compared to other calculation techniques.

5.2 1SSV3 Program Formulation

ISSV3 is a two-dimensional, lumped-parameter ﬁean model, explicit
£in1te-e1ement analysis program. It includes nonlinear sﬁructﬁral behavior,
SMI, and the calculation of the ground shock or Airblgst loads. Given the
distance of a bomb from a structure and backfill properties, the program
calculates the free-field envitonmént. These free-field loads are converted
to struqturallnodal loads by an SMI model.

The central finice—differencé direct integration method is used to solve
the equations of motion as the solution progresses through time. As such;'the
displacements and rotations at a given time step are calculated from the
displacements and rotations from the prior time step. 'From these calculations
the nodal displacements and rotations are used to calculate element end

moments, shears, and thrusts. These forces are used to update cha.equacioni
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of motion for the next calculational step. Damping is included as an internal

force for each element not as a global term. One of the main advantages of

this solution scheme is that the stiffness and mass matrices do not need to be
reassembled for each time step, greatly decreasing calculational effort. This
solution method is widely covered in the literature and those interested -
should refer to [16]) ﬁf Bathe and Wilson. A
Program output‘includes nodal displacements, velocities, and accelera-
tions. This motion is the in-structure shock resﬁonse for each node in the’
structure. A graphical representation of the rigid-body ngtion and the shape
of the deformed grid is available. 1In Addition to the in-structure shock |
information generated, structural response data such as element thrusts,

shears, moments, and strains are also output.

5.2.1 Free-Field Load Generation

The equations used in ISSV3 to characterize the free-field environmenf
are essentially those found in the TM5 855-1 [2]. As such, the stress and
particle velocities at a given point in the free field are described by an
exponential decay time history. ' |

Equations (18) and (19) are used in ISSV3 for the pressure-time and

velocity-time histories at a given point. As the range from

P(t) = Pe /% £20
P(t) = Free-field stress. (18)
P, »s Peak free-field stress.

t, = Time of arrival.
« & Time constant (1.0).

the bomb increases, the amplitude of each history decreases and its duration

increases. .

vie) = V,(1-Be/L,) e P/ e £20
v(t) ® Free-field velocity. T (19)
V, = Peak radial partical velocity. .
t, s Time of arrival.
B ® Time constant, (a/8.5).
It can be seen in these equations that the amplitude and duration of boﬁh

pressure-time and velocity-time histories are dependent on the time of arrival
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. and average seismic velocity.

(t.). In the default mode ISSV3 calculates a t, is dependent only on range
It has been found, Hayes [1], that this may be

an oversimplification. Equation (20) shows that ISSV3 can also use a non-
linear arrival time which is a function of peak stress, peak free-field

velocity and backfill properties.

!
dr ,
t. = ‘[?; ‘C,. d C"’SVO

t, ®= Time of arrival (sec). (20)

R Range (ft).
¢, s Loading Wave Velocity (ft/sec).

¢ & Seigmic velocity (ft/sec).
S » Backfill Variable = 1/ (Air Filled Voids)
Vo ® Peak Free Field Velocity (ft/sec).

Time constants & and B are generally taken to be 1.0 and 1/8.5, respec-
tively. ‘P, and V, are Fhe peak pressure and particle velocity at the point of
interest and are calculated using (21) and (22). P, is dependent on the
backfill proprrties of imass density, seismic velocity, and attenuation coeffi-

cient, as well as the range, bomb weight, and coupling factor.

- lsofpc(—)“’

P, s Peak free-field stress (pai)
. £ = Coupling factor. ; (21)
- n = Attenuation coefficient.
p ® Mags density (lb-seci/ft*).
- ¢ ® Seismic velocity (ft/sec)
R » Range (ft).
W s Charge wezg}'t (1b) .

Vo is dependent only on the actenuation coefficient and the range, bonb

weighc and coupling faccot

). -

= 160£(

. N‘/’
s Peak particle velocity (ft/sec). : (22)

f Coupling factor.
n. s Attenuation coefficient.

R » Range (ft).
W » Charge weighc (1b) .

These parameters were discussed in some detail in the TMS 855-1 in-structure
shock analysis section of this report. As mentioned above, the characteriza- '

tion of the free-field environment using these equations is thought to be an
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over_sinplifiéa,tio'n, There is research underway to address this problem, and
when better models are available, they will be incorporated into ISSV3.

5.2.2 Structure Média Interaction

Free-field loads must be applied to the structure through SMI. The SMI
models used in ISSV3 are similar to the ones used in the STABLE program
discussed above. Interface pressures are dependent on the relative motion of
the backfill and the structure as well as the backfill properties. Equations
(23) and (24) are used to calculate the interface normal and shear stresses at

each node on the outside of the structure.

0, =0, + pc;(Vq-Xn) 20

0; & SMI interface stress.
o, ® Normal ground shock stress. . (23)

p ® Soil masgs density. ,
c, s Free-field compression wave speed.
V, = Normal free-field soil velocity vector.

X, s Normal structure velocity vector.

T, = pC,(V,-X,) Ity s plo,+W) or Y

t; s SMI interface shear gtress.
0, ® Normal ground shock stress.

¢ » Soil mags density.
c, a Free-field shear wavespeed. (24)

V., » Tangential free-field goll velocity vector.

X‘ ®» Tangential structure velocity vector.

W s Gravity stress.
Y s Ultimate shear stress.
p ® Coefficent of Friction.

It should be noted tﬂat the free-field and SMI models used in ISSV3 d§ not
take into account the fact that :he.s;rucﬁufe perturbs the free-field stress.
In other words, the free-tield stress is calculated as if the structure does
not exist, and is‘chen Appiied to the structure through SMI. This is thought
to be a conservative assumption, and might best be considered on a case-by-
-~ase basis. ' ‘
5.2.3 Internal Forces ,

A sfandérd beam element is the element type used in IS3V3. The internal
element forces are calculated using Equations (25), (26), and (27). IThé new
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thrusts at each time step are calculated from the old thrusts plus the

difference due to relative displacement of the end nodes during the time step.

Tnﬁ = T“‘*BA% ' ITu'l < Tult
T m» Element Thrust. (25)
E s Element Youngs Modulus.

A s Element Area. ,

L = Eleme;it Length.

The new moments are calculated from the old moments plus the moments due to
the end rotations.
My, = My * 2? (20,+8,) Mo S My,

Dow,

M = Element End Moments. (26)
E = Youngs Modulus. :
1’ s Moment of Inertia.
= Element Length.
0,.8, = Near and Far End Elmnt End Rotation.

The new shears are developed from the unbalanced new moments.

Vaoq - "(anv, Hno-,) : i =%

V = Element End Shears. (27)
M = Element Moments.
L » Element Length. .

' When thelultm:e values of the thrusts and moments are reached plastic
_d'efomcion occurs. These ultimate values are calculated prior to the
analysis based on the section properties. A moment thrust diagran is con-

- structed, and a balanced pair of ultimate values are selected.

Im:ernal damping is included as an internal force to reduce high
frequency oscillations. The interaction of the ,structure and the surrounding
'soil lead to situations were the structure moves ‘away from the soil or ‘
-cavitation takes place. 1In such a situation the damping usually provided by
the soil ceases to exist. Internal damping forces are f;:alculnted via Equa-
‘tlons (28) and (29) to damp out numerical oscillations associated with the
axial and double curvature flexural mode of eaci‘n element. These forces are

transformed from the local to global coordinates and summed into cho,intemal

force vector.
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cx =D, 4L Cp = 2AVEP

CX = Axial Damping Forcs. :
D = Input Damping Ratio. . 28) -
C, ® Critical Damping Ratio. (28)
AL s Change in Length.

At = Time Step.

A = Elament Area.

E s Youngs Modulas.

]

s Density.
- 8,+8, \‘ 3EI (pAL’ | 1
™ =D C.(-—A?-) ‘ Cp =4 - ( 24 + 3 pLI)

M s Damping Force.

D s Input Damping Ratio.

Cp ® Critical Damping Ratio. : (29)
© s Element End Rotation. .

At s Time Step.

E s Youngs Modulus.

I » Moment of Inertia.

L = Element Length.

A s Element Area.

p m Density.

5,2.4 Equilibrium Equations

The equilibrium equations solved at each time step are constructed from the
internal and external forces transformed into the global coordinate system as
shown in Equation (30). As discussed before, the central differance integra-
tion method is used to solve this equation for motions as the solution
progresses through time. .

’ | X = (Fg=-F;) /M

. 2 » Nodal Acceleration. (30)
Fg » External Forces. ,

F; » Internal Forces.
M » Nodal mass.

5.3 15SV3 CONWEB Analyses » .

" Development of section properties for inpucting into the ISSV3 progranm
requires some preanalysis. The ultimate moment and thrust capa'cities‘ must oe
selected from a|calculated moment - thrust diagram for each section. A load
path is selected, giving a moment-thrust velue just below the bll.llnced

condition. Using the material properties for the CONWEB test series, section
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preperties were generatad for each component. These section properties are

shown in Table 5.1.

Table 5.1. 1ISSV2, CONWEB Section Properties.

Test E p ' I A Mult Tult
Component - psi 1b/ft® § in* | 1n? in-1b 1b
CONWEB 1, 3, &4 4E6 150 4.7 4.3 1.42E4 | 4.58E3
Test Wall .
CONWEB 2 | 4e6 | 150 32.0 |8.6 |5.90E4 |1.30E4
Test Wall
Reaction . 4E6 150 83 11 1.8E5 2.4E4
Structure

s -, - T "~ """ .

5.3.1 CONWEB 1 Analysis

The finit;-elenent grid for the ISSV3 in-structure analysis of CONWEB 1
is shown in Figure 5.1. This same grid was used for the calculation of CONWEB
3 and 4, with modifications to the backfill properties. Secction properties .
used were shown abbve in Table 5.1, and backfill properties were shown in
Table 2.1.

 Results from the CONWEB 1 analysis are shown in Figure 5.2 to
Figure 5.23. 1t is immediately obvious on examination of the interface
pressure comparison that the calculated time of arrival (t,) of the load at
the face of the structure lags the actusl value by‘about 4 msec. This
#henonenon wvag obgerved throughout the CONWEB calculations. Interestingly
enough, the sh;pe and nngnithdp of th;.calculatod interface stress compare
very favorably with the test data, 1n‘sp£to of the strong :elationship between
t, and free-field stress. o . ‘

As a result of the time lag in the loading, all the data comparisons for
structural response alsc lag. Comparisons tc test data of calculated acceler-
ation, velocity, deflection hi-toriés, aﬁd shock spsctre are shoyn in
Figure 5.4 to Figure 5.23. Horizontal acceleratlon, velocity, and deflection
>‘historics were reproduced reasonably well by the ISSV3 analysis. Exaniﬁation
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of the late-time horizontal velocity records shows that ISSV3 underpredicts
the late-time velocity. This is thought to stem from the inability of the
current free-field model to capture the late-time flow of ; clathypé teri-
al, a problem which should be solved in later versions of the program. Also,
as discussed in the STABLE analysis section, there is great difficulty
measuring rigid-body displacements with accelerometers, due to the low level -
of acceleration for ‘these late-time motions. V

Vertical acceleration, velocity, and deflection histories were also
reproduced reasonably well by the ISSV3 analysis. Due to the much smaller
magnitudes of the vertical velocities and deflections, uncertainties in
measurement of late-time motions have a larger relative effect than in the
horizontal measurements. Given the uncertainties of these measurements, the
magnitudes calculated for vertical velocity and deflection by ISSV3 are
reasonable. S »

Shock spectra were generated from the velocity histories for each
position in the struécure. These spectra show a good correlation between the
calculated values and spectra generated for test data. The only consistent
underprediction was for the rigid-body deflection as seen on the low frequency
portion of the specfra. This underprediction is thought to bevéuc to a
combination of the problem with the modeling of clay backfill in the analysis

and the problem of measuring late-time motions with acceleromcters .
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5.3.2 CONWEB 2 Analysis
As discussed above, CONWEB 2 was a test with the same clay backfill as

in CONWEB 1. The test wall was twice as thick as in the other tests, with an
L/d ratio of 5. The finite-element grid for the ISSV3 in-structure shock
analysis of CONWEB 2 is shown in Figure 5.24. ‘This'grid is different fro.: the
one used for the calculation of CONWEB 1, 3, and 4, due to the different test
wall. Section properties used in this analysis were shown in previously
Table 5.1.

. Results from the CONWEB 2 analysis are shown in Figure 5.25 to

Figure 5.46. As in CONWEB 1, examination of the interface pressures show that
the calculated time of arrival (t,) of the load at the face of the structure
>lags the actual value by about 4 msec. Again, the shape and magnitude of the
calculated interface stress compare very favorably with the test dats, in
spite of che.strong'relacionship between t, and free-field stress.

As before, all structural resbonse data alsc lag by about 4 msec.
Comparisons to test data of calculated acceleration, velocity, deflection
histories, and shock spectra are shown in Figure 5.27 to Figure 5.46,
dorizontal acceleration, velocity, and deflection histories were reproduced
reasonably well by the 1SSV3 analysis. The front wall respénse (Figure 5.27
to Figure 5.30) shows an overprediction of velocity and defléctiéu response. -

Even hetg. examination of the late time horizontal velocity records show that

ISSV3 under predicts the 'late-time velocity’due to late-time clay backfill
effects. On th; whole, however, the calculated horizontal in-structure 'shock
response compares very favorably with the test dafa'throughou: the structure,
given the difficulty of measuring rigid-body displacements with acceler-
ometers.  CONWEB 2 vertical accel;ration. velocity, and deflection histories
were also repféduced'reasqnably well by the ISSV3 analysis. As in CONVEB 1 A
the small magnitudes of the vertical velocities and deflections cause the
uncertzinties in measuremen:t of late-timc motions to have a large relative
effect. Given thé uncertainties of these measurements, the magnitudes calcu-
lated for vertical velocity and deflection by ISSV3 are reasonable.

Sho;k spectra were generated from the volocity»histories'fot each
"position in the structure. These spectra show a very good correlation between
the calculated values and spectra generated for test data. As in CONWEB 1 the

only consistent undgrpredic:ion was for the rigid-body deflection as seen on
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the low-frequency portion ofithe spectra.' Again, this underprediction is

‘thought to be due to a combination of the problem with the modeling of clay
backfill in the analysis, and the problem of measuring late-time motions with
accelerometers. The front wall respoﬁse was slightly over-predicted, which
implies that the model of the wall was softer than in the acfual test. The
modeling of the front wall as a one-way slab, neglecting all two-way effects,
could account for this relatively minor effect. Also, the fact that this
phenomenon did not occur in the thinner test wall in CONWEB 1 seems to imply
that the difference is due to the relat.ve importance of shear résponse for
the thicker CONWEB 2 wgll. However, it will be seen later‘that the response
of the thin walls in CONWEB 3 and 4 was overpredicted .aich does not support
this hypothesis. Shear response is not modeled in - - current version of the

ISSV3 program.
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Figure 5.25. CONWEB 2, Lower-Wall Interface Pressure Load, 1SSV3 Node 12,
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5.3.3 CONWEB 3 Analysis ‘
CONWEB 3 was a test with the same structure as in CONWEB 1 and 4, thke

test wall had the same thickness, with an L/d ratio of 10. In CONWEB 3 a sand
backfill was used. The finite-element grid rfor the ISSV3 in-structure
analysis of CONWEB 3 is shown in Figure 5.1. This same grid was used for the
calculation of CONWEB 1 and 4, with modifications to the backfill properties.
Section properties used were shown previously in Table 5.1, and backfill
properties were shoun in Table 2.1. '

~ CONWEB 3 analysis results are presented in Figure 5.47 to Figure 5.68.
As in CCNVEB 1, comparison of the interface pressures once again shows that
the calculated time of arrival (t,) of the load at the face of the structure
lags the actual value by about 4 msec. Again, the shape and magnitude of thz
calculated intarface stress at th; center of the wall (Figure 5.48) compare
favorably with the test data. Figure 5.47 shows the interface pressure
measured on the lower part of the test wall and illustrates an interesting
effect of the dynamic loading of buried structures in sands. This effect.
known as soil arching, results from the redistribution of interface loads from
the center of a loaded span to the suppoerts. The current free-fi2ld model in
1SSV3 does not include this effect, but this should have only minor impact on
the overall in-structure shock response. '

As before, all the data comparisons for structural resﬁonse also lag by
about 4 msec due tﬁ the loading t,. Comparisons to test data of calculated
acceleration, velocity, deflection histories, and shock spectra are shown in
Figure 5.46 to Figure 5.68. Horizontal scceleration, veiocicy, and deflection
histories were reproduced reasonably well by the ISSV3 analysis. There is no
evidence of the underprediction of late tive velocity in this sand backfill
test. This lends credence to the hypothesis that the 14tg1time veloeaity
underpredictions in CONWEB 1 and 2 were due to flow egfects in the clay -
backfill. . o | » '

As in CONWER 2, the front wall response (Figure 5.49 to Figure 5.52)

shows an overprediction of velbcity and deflection response.. Given that the

acceleretion hisztory compares very well at this location, the overprediction

of velocity and deflection implies that the model of the front wall is softer
than the actual wall. On the whole, hqvevef,.the calculated horizontal in-
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structure shock response compares favorably with test data.thfoughout.the’
structure.

CONWEB 3 vertical acceleration, velocity and deflection histéries were
also reproduced reasonably well by the ISSV3 analysis. The magnitudes of the
vertic.l velocities and deflections were even smaller than in CONWEB 1 and 2,
causing the uncerfainties in measurement of late-time motions to have an even
larger relative effect. Given the uncertainties of these measucements, the
magnitnudes calculated for vertical velocity and deflection by ISSV3 are
reasonable. . '

Shock spectra were generated frcm the velocity hisfories for each
position in the structure.l Theée spectra show a good correlation between the
calculated values and spectra generated for test data. gigid-ﬁddy deflection
as seen on the low-frequency portion of the spectra was not underpredicted for
this sand backfill test as it was for clay backfill tests in CONWEB 1 and 2.

' This indicates that the undefprediction in CONWEB 1 and 2 was d@e to the
problem with the modeling late time-flow effects of the clay backfill.

d As discussed above, the front wali response was slightly overpredicted,
a result that implies that the wall model was softer than the actual wall. .
The modeling of the front wall as a one-way slab neglecting all two-way -
effects could account for this relatively minor effect. The fact that this
phenomenun occurred with this thin test wall implies that the differencé may
not be due to the relative importance éf shear response for the thick vs. thin

wall as was hypothesized in the CONWEB 2 discussion.
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5.3.4 CONWEB 4 Analysis
V CONWEB ’- was a test with the same structure as in CONWEB 1 and 3. The
backfill in this test consisted of the in-situ soil in the test area, a very
high'seismic velocity, saturated gravely clay material. The test wall was the
same thickness as in CONWEB 1 and 3, with an L/d ratio of 10. The finite-
belement grid for the I5SV3 in-structure #nalysis of CONWEB & is shown in
Figure 5.1. This same grid was used for the calculation of CONWEB 1 and 3,
with modifications to the backfill properties. Section properties used vere
shown above in Table 5.1; backfill properties were shown in Table 2.1.
| Results from the CONWEB 4 analysis are shown in Figrre 5.69 to
- Figure 5.90. As in CONWE3 1, examination of the interface pressure comparison
once again shows that the calculated time of arrival (t,) of the load at the:
face of the structure lags the actual value. However, the lag here is about 2
msec, versus about 4 msec in CONWEB 1. ‘The shape and magnitude of the calcu-
lated interface stresses (Figure 5.69 and Figure 5.70) show a sharper higher
péak stress than shewn in the test data. However, the caiculated intecface
stress compares reasonably well with the test data. As would be expected in a
clay test, there islno evidence of the soil arching as was seen in the CONWEB
3 sand backfill test. Soil arching is a phenomenon associated with granular
soils.

" All the data comparisons, for structural response also lag by about 2
msec due to the lag in loading t,. Comparisons to test data of calculated
acceleration, velocity, deflection histories, and shock spectra are shown in
‘Figure 5.71 to Figuré 5.90, Horizontal acceleration, velocity, and deflection
histories vere reproduced reasonably well by the ISSV3 analysis. As. was seen
in CONWEB 1 and 2, there is gome,evi&ence of the underprediction of late-time
veioci:y'in this test due to late-time flow effects in the clay backfill.

‘ A§ in CQNWEB'2 and 3, the fronc‘wall.response-(Figute $.71 to
Figure 5.74) shows an overprediction of Qelodity and deflection response. On
the whole, however, the calculated horizontal in-structure shock response
ccmpares’favorably with cest data throughout the structure.
CONWEB 4 vertical acceleration, velocity, and deflection historias were
"also reproduced reasonably well by the ISSV3 anﬁlysis. The magnitudes of‘tha
- vertical velocities and deflections were small as in CONWEﬁ 1, 2, and 3;‘:hu§,'

the uncertainties in measurement of late-time motions have a large relative
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effect. ' Given the uﬁcertain;ies of rhese measurements, the magnitudes calcu-
lated for vertical velocity and deflection by ISSV3 are reasonaple.
Shock spectra were generated from the velocity histories for each

position in the structure. These spectra show a very good correlation between
the calculated values and spectra generated for test data on the front wall.
Horizontal rigld body motion, as measured at node 9 in the center of the floor
(Figure 5.78), was underprcd1cted when co.pered to test data spectra. This is
the same gage (ASH10) that gave anomalous results in the prior analyses,
Spec;ta generated at node 8 (Figure 5.86), 12 inches further back on the
f{loor, show a vefy good correlation with data gathered at that point (gage
ASH11). Given the heavy damage suffered by the structure in this test gage

failure at node 9 (ASH10) is quiLe possible.
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Analysis vs. Test Data.
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' Analysis vs. Test Data.
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Figure 5.89. CONWEB 4, Floor Vertical Deflection, ISSV3 Node 8,
Analysis vs. Test Data.
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5.4 1ISSV3 Analysis Summary
The initial evaluation of ISSV3 as an in-structure shock analysis

technique is favorable. Calculation of all four CONWEB tests with very

dissimilar backfill materials gave reasonable results. The acceleration

‘records generated had forms and magnitudes quite similar to test data.

Comr: “sons of velocity and deflection records were somewhat hampered due to
the difficulty 6f measuring low-level, late-time accelerations in dynamic
tests. However, available data compared favor&bly with the ISSV3-generated
velocity and deflection histories. Shock spectra generated from the ISSV3
velocity histories also compared very well with spectra derived from test
dsta. ] ‘
It is acknowledged that the current free-field model in ISSV3 needs to
be improved. Late-time vélocities are sometimes underpredicted due to flow
effects in clay backfill. Also, cther research by Hayes [1] and [10] has
indicated that the characterization of backfill by seismic velocity. density,
and attenuation coefficient may be overly simplistic. 1In spice of these
problems in the free-field models, the interface loads generatad by ISSV3 for
the CONWEB tests were reasonable.

The single greatest strength of the ISSV3 program brought to light in
the analysis of the CONWEB test series is the speed of the calculation. All
of the calculations required less than four minutes ﬁo run on a 386, 20-MHz
personal cSmputer. This ia a marked improvement over the four to sixteen hour

run times for this application of the STABLE program.
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CHAPTER 6

COMPARISON OF ANALYSIS TECHNIQUES

With the success of the initial evaluation of the ISSV3 program as an

in-structure shock analysis tool, it is interesting to compare the program’'s

. results with the other available tools. Figure 6.1 tc Figure 6.13 show direct

comparisons of the shock spectra generated from the CONWEB test series data

and all of the meanc of analysis investigated. The average front wall

.response is compared to the TM5 855-1 method, the SDOF wall_anaiysis, the

STABLE results (forICONVEB 2), and the ISSV3 resﬁlts. The shock response on
the floor of each structure is compared to the TMS 85571-ﬁethod, the rigid- |
body motion SDOF analysis; the STABLE results (for CONWEB 2), and the ISSV3
results. 1In every case, the results of the ISSV3 analysis are at least as
accurate as the other techniques. With planned improvenments in the free-field
model, these comparisons are expected to be even bettettfor later versions of
the program. ' | |

It is important to note that the simplified in-sftucture shock methods
investigated here are limited in a way that ISSV3 is not. The TM5 855-1 |
method and the rigid-body SDOF analysis are best suited to simple, small
structures. There is no fundamental reason why ISSV3 can not be applied to
the fast and accurate in-structure shock analysi- of larger, complicated,

multifloor, multibay structures.
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Figure 6.5. CONWEB 2, Mid-Floor Horizontal Shock Spectra, ISSV3 Node 9,
. Comparison of Analysis Techniques. '

Verticet Sheck Sonctira Comperisens
Cenwap Tost 2

L /NN Y

'”o?<;/“\;$>

K

"I

Valecity ! ]
N
N\,
N d
Y
~,
.
S
NN
A,
X
b
(Y
(]
N
CNTA N

AN AN |

a4

- {7\\\%“\6'7(\\3{/\«\

1o 10 100 1008 19000
#7oquency, w1

Figure 6.6, CONVEB 2, Mid-Floor Vertical Shcck Spectra, ISSV3 Node 9
©  Comparison of Analysis Techniques. ,

134




Wor itontal Shock Spectra Cemperisens
Conwed Test 2

Velocity, inigec

t Dats, AS
185V Calcn

N

Frequency, MZ
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Figure 6.8. CONWEB 3, Mid-Wall Horizontal Shock Spectra, ISSV3 Node 13,
Comparison of Analysis Techniques. ‘ ‘

135

"“'Kf.m




Figure 6.9. CONWEB 3, Mid-Flnor Horizontal Shock Spectra, ISSV3 Node 9,
Comparison of Analysis Tech'niques.
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Figure 6.10. CONWEB 3, Floor Horizontal Shock Spectra, ISSV3 Node 8,
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CHAPTER 7
SUMMARY AND CONCLUSIONS

7.1 Summary

The semi-empirical calculational procedure in TM5 855-1 was shown to
give reasonable estimates of the in-structure shock responsek of the first
three CONWEB tests. Inconsistences in the gage response in CONUEB‘Q hampered
comparisons for this test, but results appeared to be reasonable. The
greatest weakness of this procedure is that it was developed for simple box-
like structures. The assumptions that must be made to apply this procedure to
more complicated structures have not been thoroughly evaluated. Great caution
shouid be used in the application of sucﬁ an empirically derived method to
situations outside of those actually tested.

The results of the wall SDOF analyses were relatively inconsistent due
to difficulty in developing reasonable loads to apply to the SDOF model. The
loads used here were developed using the procedures in TM5 855-1 [2]. 1t is
. felt that these procedure§ do not adequately model structure-media interaction
(SMI). There is current researcﬁ at WES to address these deficiencies in SMI
modeling. ' |

The rigid-body SDOF analysis gave reasonable predictions of peak
deflections and accelerations for CONWEB 1, 2, and 3. 'Peak velocities were
overpredicted for these same tests. The same seemed to be true of CONWEB %
when comparisons were made to horizontal acceleration gage ASH1l. However,
CONWEB Arprédiccions in comparison with gage ASH10 were low for deflection and
acceleration and reasonabla for velécity Underprediction of CONWEB 4 in
comparison with gage ASH10 occurred in all of the analysis ptocedures used, S : "
perhaps lending cxedence to che possibility of testing or gage problems. It
was hypothgsized that the consisten: overprediction of peak spectral velocity
in the rigid-body SDOF analysis was due to probleas in modeling structure '
media interaction. Overloading the structure with impulse leads to over-
predlctioh of velocity; Tﬁis should also.lead‘to an overprediction of
deflection. The fact that deflection predictions are feasoﬁahle, indicates a
compensating overrestraint of the model. The Poisson's Ratiés assumed for
this analysis were on the high end of suggested values and this could easily

account fur this overrestraint. Taken together, dll this illustrates the
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difficulty of analyzing the complex response of a buried structure using a’
simple SDOF model. It should be noted, however, that the velocity predictions
were conservative.

The evaluation of 3TABLE as an in-structure shock analysis technique led
to the rejection of this program from further consideration. This rejection
was not based on the probleh of high frequency noise in the acceleration
records that plagued this analysis. Favorable comparisons of the calculations
results to CONWEB 2 test data indicate that the program is capable of handling
this type of application., Modification of the program to eliminate the
problem of high frequency noise in the acceleration records is quite possible
and could perhaps be as simple as the inclusion of additional damping terms.
‘Tﬁe basis for the rejection of the application of STABLE to in-structure
analyeis is excessive run times on the target computer. The fine grid
analysis required apptoxinstely 16 hours to complete on a 20 MHz, 386 personal
computer. Excessive run times for STABLE are directly related to its formula-
tion as an inplicit finite-element analysis program. Modifications are
possible that could increase the computational efficiency of STABLE, but it is
felt that such modifications could not overcome such a fundamental limitation.

The initial evaluation of ISSV3 as an in-structure shock analfsin»
technique was favorable. Calculation of all four CONWEB tests with very
different backfill materials gave very reasonable results. The acceleration
records generated had forms and magnitudes quite similar to test data.
Comparisons of velocity and deflection records were somewhat hampered due to
the difficulty of measuring low-level, late-time accéletations in dynamic
tests. However,'available data compared favorably wich the ISSV3-generated
velocity and deflection histories. Shock spectra gsnerated from the ISSV3
velocity histories .139 compared very weil with spectra derived from test
data. . '
| It is acknowledged that the current free-field nodel in ISSV3 needs to
be improved. Late-time velccities are sometimes undatpredicted due to flow
effects in clay backfill Also, other research by Hayes {1] and {10] has

‘indicated that the characterization of backfill by seismic velocity, density.,

and attenuation coefficiert nmay be overly simplistic. In spite of these
problems in the free-field models, the interface loads generated by ISSV3 for

the CONWEB test: wvere reasonable.




_ The single greatest strengthvof the ISSV3 program brought to light in
the analysis of the CONWEB test series is the speed of the calculation. All
of the calculations required le;s than four minutes to run on a 386, 20-MHz
personal computer. This compares very favorably to the four to sixteen hour
run times for this application of the STABLE program.

With the success of the initial evaluation of the ISSV3 program as an
Ain-structure shock analysis tool, a comparison was made of the program’s
results with the other available tools. A direct comparison was made of the-
shock spec:ia generated from the CONWEB test series data and all of the means
of analysis investigated. The average: front wall response was compared co the
TMS 855-1 method, the SDOF wall analysis, the STABLE results (for CONWEB 2),
and the ISSV3 results. The shock response on the floor of each structure was
compared to the TM5 855-1 method, the rigid-boay motion SDOF analysis, the
STABLE results (for CONWEB 2), and the 1S5V3 results. In every case, the
results of the ISSV3 analysis were at least as accurate as the other tech--
niques. With planned improvements in the free-field model, these compatisons
are expected to be even better for later versions of the program.

It is important to note that the simplified in-structure shock methods
investigated here are limited in a way that ISSV3 is not. The TMS 855-1
method and the SDOF analyses are best limited to simple,lsmall structures.
There is no fundamental reason why ISSV3 can not be applied to the fast and
accurate in-structure shock analysis of larger, complicated, multifloor,

multibay structures.

7.2 Conclusions‘ ‘

1.5V3 has been shown to be the best in-structure shock .analysis tool
éxgmined. ,Excensive‘comparisonﬁ of the results of the in-structure shock
analysis of the CONWEB test series, using several available methods, show.tﬁat
ISsV3 is fast, accurate, and easy io use. The speéd with which ISSV3 can
analyze a given probleﬁ-will allow the user the flexibilicy to quickly
complete numerous in-structure shock calculations. This should encourage a
designer to include in-structure shock considerations in the early design
phase of 1 protective facility. ,

Future work is planned to 1mpr6ve the current free-field model in

IS5V3. Jmprovements in the SMI model are also being considered peﬁding the
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results of current research at WES. Further analysis effort is required to
validate the 1ISSV3 program for use on multifloor, miltibay buried structures

as well as aboveground structures,
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